Background: To investigate the effects of ASMase mediated endothelial cell apoptosis in multiple hypofractionated irradiations in CT26 tumor bearing mice. Materials and Methods: Thirty-five CT26 tumor bearing mice were subjected to single ionizing radiation (IR) of 0, 3, 6, 9, 12, 15, 18 Gy. Eight hours after IR, the mice were sacrificed and tumor tissues were used for CD31 immunohistochemistry staining, TUNEL and CD31 double staining, ASMase activity assay. Then 6 and 12 Gy were chosen for multiple hypofractionated IR experiments according to the above results. Each time after IR, 5 mice were sacrificed and assayed as above. Results: The ASMase activities were increased significantly after a single IR of 12 Gy or higher which was accompanied with remarkable increased endothelial cell apoptosis and decreased MVD. For 6 Gy which was not high enough to trigger ASMase activation, after 2 or more times of IR, the ASMase activities were significantly increased accompanied with remarkable increased endothelial cell apoptosis and decreased MVD. While for 12 Gy, after 2 or more times of IR, the ASMase activities and endothelial cell apoptosis rates were maintained without remarkable increase; however, the MVD was significantly decreased. What's more, the cancer cell apoptosis rates were significantly increased after multiple IR for both 6 Gy and 12 Gy. Conclusions: ASMase mediated endothelial cell apoptosis may play an important role in the process of multiple hypofractionated IR for CT26 colorectal carcinoma.
Introduction
For decades, DNA has been considered as the main cellular target of deleterious effects of ionizing radiation (IR) (Pollard and Gatti, 2009) . Nevertheless, molecular signals initiated at cellular membranes are now identified as critical events in a large spectrum of radiation-induced cellular processes (Corre et al., 2010) . If IR provokes DNA damage directly by energy deposit on the DNA double helix and indirectly by reactive species, origin of IR induced molecular events initiated at the plasma membrane remains more obscure.
Recently, studies have highlighted that acid sphingomyelinase (ASMase), which generates ceramide from sphingomyelin, is involved in modulation of membrane structures and signal transduction after IR (Garcia-Barros et al., 2003; Corre et al., 2010; Zeidan and Hannun, 2010) . They found that ceramide generation from the ASMase activation was independent of the DNA damage following IR (Gulbins and Kolesnick, 2003) . One of the most reliable cell models is the endothelial cell apoptosis after exposure to high dose IR (Garcia- Barros et al., 2003; Garcia-Barros et al., 2010) . ASMase has been found in almost all cell types that have been studied (Truman et al., 2011) , however, the endothelium is a particularly rich source which synthesizes 20 times as much as any other cells in the body (Pena et al., 2000; Garcia-Barros et al., 2003; Truman et al., 2010) . Many investigations demonstrated that radiation doses higher than 8-10 Gy induces rapid apoptosis of tumor vascular endothelial cells by activating ASMase (Park et al., 2012; Lan et al., 2013) , leading to secondary death in tumor cells. Besides, this effect was further confirmed in microvascular endothelium in lung, brain and small intestines (Pena et al., 2000; Li et al., 2003; Rotolo et al., 2008; Corre et al., 2010; Hua and Kolesnick, 2013) . Nevertheless, all the studies were carried out in single dose IR. In fact, hypofractionated radiotherapy which was delivered in multiple times was very popular in the clinical treatment of cancers such as prostate cancer (Chapet et al., 2013) , rectal cancer (Koukourakis et al., 2011) , lung cancer (Osti et al., 2013) , and so on. So it's very important to investigate the effects of ASMase mediated endothelial cell apoptosis in multiple hypofractionated IR.
Materials and Methods
Cell culture CT26 cell line was kindly provided by the State Key Laboratory of Biotherapy, Sichuan University (Sichuan Province, China) and was cultured in RPMI-1640 supplemented with 10% (v/v) fetal bovine serum plus 100 μg/ml amikacin. The cells were maintained in the 37˚C humidified incubator with 5% CO 2 atmosphere.
Design of animal experiments
Female BALB/c mice (6-8 weeks age) weighing between 16 and 18 g were purchased from Experimental Animal Center of Sichuan University (Sichuan Province, China). All animal procedures were approved by the Animal Care and Scientific Committee of Sichuan University. In 0.1 ml of PBS, about 105 CT26 cells were suspended and inoculated into the rear flank of mice to establish tumor models. After 14 days, when the tumors were about 0.5 cm in diameter, 35 mice were randomized into the 7 groups (five mice per group) to receive different doses of single IR: 0, 3, 6, 9, 12, 15, 18 Gy. Eight hours after the IR, all the mice were sacrificed and the tumors were excised immediately to frozen in liquid nitrogen. The tumors were then subjected to CD31 immunohistochemistry staining, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and CD31 double staining, and ASMase activity assay. According to the above results, 6 and 12 Gy were chosen for further studies. Fourteen days after incubation, 25 tumor bearing mice were randomized into 5 groups (five mice per group) to 1 time, 2 times, 3 times, 4 times, and 5 times of IR (6 Gy per time). Another 15 tumor bearing mice were randomized into 3 groups (five mice per group) to receive 1 time, 2 times and 3 times of IR (12 Gy per time). Eight hours after the finish of the respective IR, the mice were sacrificed and the tumors were also disposed as above.
Irradiation
The IR treatments were conducted with the ELEKTA Synergy linear accelerator (Zeng et al., 2012) . The 6-MeV x rays with source-to-surface distance of 100 cm were applied with 2 cm bonus for all the experiments. Before IR, each mouse was anesthetized by 5% chloral hydrate and was shielded by a lead cover with only the tumor exposed.
Determination of microvascular density
The tumor tissues obtained from CT26 tumorbearing mice were fixed, paraffin embedded, and cut into 3-to 5-mm sections. The sections were used for CD31 staining and TUNEL and CD31 double staining. Immunohistochemical staining of CD31 was performed according to the manufacturer's instructions. The anti-CD31, a mouse monoclonal antibody (dilution 1:200; ZSGB-BIO CO., LTD, Beijing, China) was used for microvessel staining.
Microvessel density (MVD) was employed for angiogenesis assessment (Li et al., 2012) . Immunostained tumor sections were scanned at low power magnification (40× and 100×) to identify the areas which represented the highest vascular density -so called ''hot spots" (Zhu et al., 2011) . MVD was measured in three to five fields with a higher density of CD31-positive cells and cell clusters at 200× magnification. The presence of a visible blood vessel lumen was not required to be defined as positive (Saponaro et al., 2013) . The average vessel count in three to five examined hot spots per section was considered the value of MVD. All counts were performed by three investigators in a blinded manner. Microvessel counts were compared between the observers and discrepant results were reassessed. The consensus was used as the final score for analysis.
Determination of endothelial and cancer apoptosis cells
Apoptotic cells in the tumor tissues were identified via TUNEL assay using an in situ apoptotic cell detection kit (Roche, USA) following the manufacturer's instructions (Bruns et al., 2002) . Briefly, sections were covered with diluted proteinase K, incubated for 20 min at 37˚C, and washed with phosphate-buffered saline (PBS) two times, each for 5 min. Next, they were incubated with TUNEL reaction mixture (terminal deoxynucleotidyl transferase (TdT) buffer: TdT end-labeling cocktail =1: 9) for 60 min at 37˚C and washed with PBS. Then, sections were added with converter POD and incubated at 37˚C for 30 min. After washed with PBS for three times, substrates were added for colorization. Next, sections were blocked with 5% bovine serum albumin (BSA). At last, they were subjected to CD31 immunohistochemisty as described above. Sections were viewed under microscopy (LEICA DM1000, Germany), and pictures were taken at 200× magnification. Nuclei of cancer apoptotic cells were stained into brown, while endothelial apoptotic cells showed brown nuclei with a red cytoplasm tail. Apoptotic cells were counted at least 5 randomly selected fields. The apoptotic index was defined as follows: apoptotic index (%)=100%× cancer or endothelial apoptotic cells /total cells.
Determination of ASMase activity
The activity levels of ASMase were assayed using trinitrophenylaminolauroyl (TNPAL)-sphingomyelin (Sigma-Aldrich) referring previous literature (Xu et al., 2010) . For assaying ASMase, acid buffer (pH 5.0) was prepared (100 mM sodium acetate, 0.1% Triton X-100, and 0.01 M ethylenediaminetetraacetic acid). The samples were homogenized in cold acid buffer. The resulting homogenates were centrifuged, and the supernatants were used for determination of ASMase activity and protein concentration. For each assay, 30 ml of the supernatant was added to a tube containing 10 mg of TNPAL-sphingomyelin in 200 ml of the above acid buffers. The reaction was stopped by adding 750 ml mixture of isopropanol-heptane-5% H2SO4 (40:10:1, vol/vol/vol). Next, 400 ml of heptane was added and the tube was shaken and then centrifuged to separate the two phases. The upper phase contained TNPAL-ceramide, which was formed from TNPAL-sphingomyelin by the ASMase present in the sample. The absorbance of the heptane phase was read at 330 nm using a Spectra-Max Plus (BIO-RAD, USA). ASMase activity was expressed in nanomoles of ceramide per hour per milligram of protein.
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Protein content was measured with a bicinchoninic acid protein assay kit (Sigma-Aldrich) according to the manufacturer's instructions.
Statistical analysis
Results were expressed as the mean±standard deviation (SD). Statistical comparisons of mean values were analyzed by one-way ANOVA, followed by the Student's t-test. All statistical analyses were performed using the SPSS 16.0 software package. All P-values were two-sided and P<0.05 was considered as the significant level of difference.
Results
The Figure 1A , C). It's slightly lower in 12, 15, and 18 Gy groups than other groups (P<0.05). The endothelial apoptosis rates were 0.08±0.03 %, 0.26±0.09%, 0.25±0.08%, 0.38±0.09%, 1.18±0.11%, 1.45±0.18%, and 1.87±0.22% respectively in 0, 3, 6, 9, 12, 15, and 18 Gy groups ( Figure 1B, D) . From the results, we can see that the endothelial apoptosis rates were significantly higher in 12, 15, and 18 Gy groups than other groups (P< 0.05). While the cancer cell apoptosis rates were 2.63%±0.56%, 5.50±0.92%, 6.33±1.74%, 6.77±2.10%, 6.64±1.67%, 7.61±1.59%, and 8.58±2.05% respectively in 0, 3, 6, 9, 12, 15, and 18 Gy groups ( Figure 1B, E) , and there was no significant difference for these groups except slightly lower in 0 Gy group. The ASMase activities were 61. 20±5.50, 83.40±9.26, 81.80±5.36, 83.20±4.97, 196.20±12.91, 194.80±15.82, and 205.40±20.19 respectively in 0, 3, 6, 9, 12, 15, and 18 Gy groups ( Figure 1F) , and it's significantly higher in 12, 15, and 18 Gy groups than other groups (P<0.05).
The MVD, endothelial and cancer cells apoptosis rates, and ASMase activity after multiple IR of 6 Gy
The MVD of tumor tissues after 1, 2, 3, 4, and 5 times IR of 6 Gy were 94. 20±10.35, 65.20±16.90, 40.20±8.81, 23.00±5.15, and 22.80±5.54, respectively (Figure 2A, C) , and were decreased significantly with the IR times increase. The endothelial apoptosis rates were 0.31±0.09%, 1.19±0.26%, 1.77±0.23%, 1.48±0.35%, and 1.50±0.40% respectively in 1, 2, 3, 4, and 5 times IR Figure 2B, D) . From the results, we can see that the endothelial apoptosis rates were significantly higher in multiple IR groups than single IR group (P<0.05). While the cancer cell apoptosis rates were 5.95%±1.19%, 16.42±3.74%, 29.08±5.71%, 37.38±4.91%, and 48.72±8.27% respectively in 1, 2, 3, 4, and 5 times IR groups ( Figure 2B , E), and were increased significantly with the IR times increase (P<0.05). The ASMase activities were 76. 60±10.50, 190.20±17.94, 239.60±19.97, 219.60±24.75, and 214.20±11 .08 respectively in 1, 2, 3, 4, and 5 times IR groups ( Figure 2F) , and it's significantly higher in other groups than single time IR group (P<0.05).
The MVD, endothelial and cancer cells apoptosis rates, and ASMase activity after multiple IR of 12 Gy
The MVD of tumor tissues after 1, 2, and 3 times IR of 12 Gy were 72.60±13.13, 43.80±6.98, and 21.60±6.58, respectively ( Figure 3A, C) , and were decreased with the IR times increase. The endothelial apoptosis rates were 1.31±0.39%, 1.68±0.26%, and 1.41±0.25% respectively in 1, 2, and 3 times IR groups ( Figure 3B, D) . The endothelial apoptosis rate was slightly higher in 2 times IR group (P<0.05), however, no statistical difference was observed between other two groups (P>0.05). While the cancer cell apoptosis rates were 6.84%±1.22%, 21.83±4.39%, and 41.88±5.48% respectively in 1, 2, and 3 times IR groups ( Figure 3B, E) , and were increased significantly with the IR times increase (P<0.05). The ASMase activities were 198.00±16.00, 231.80±24.39, and 222.60±34.57 respectively in 1, 2, and 3 times IR groups ( Figure 3F ), and no statistical difference was observed (P>0.05).
Discussion
Acid sphingomyelinase (ASMase, EC 3.1.4.12), primarily found in lysosomes, plays a central role in transmembrane signaling as well as in lysosomal metabolic functions (Truman et al., 2011) . ASMase activation is required to promote enhanced cross-linking of surface receptors to initiate intracellular signaling events. ASMase activation is also implicated in lung development (Longo et al., 1997) , in the signaling of stress responses to bacteria and viruses (Utermohlen et al., 2003) , and in the apoptotic response of endothelial cells to IR (Garcia-Barros et al., 2003) , to UV light (Zhang et al., 2001) , and to chemotherapeutic drugs (DimancheBoitrel et al., 2005) . In the context of an oxidative stress such as IR, the best example is the translocation of the enzyme ASMase from lysosomes to the outer layer of cell membrane, which then induces sphingomyelin hydrolysis and ceramide formation (Kolesnick and Fuks, 2003) . As a second messenger, ceramide then mediated the following cell apoptosis (Stancevic and Kolesnick, 2010) . Using membrane preparations of endothelial cells, it has been shown that IR raised a generation of ceramide by ASMase activation, an event totally decoupled from nuclear signaling (Haimovitz-Friedman et al., 1994) . Use of genetic mouse model permit to definitely confirm that IR-triggered wave of apoptosis in microvascular endothelium in lung, brain and small intestines small was abolished by genetic ASMase invalidation (Santana et al., 1996; Pena et al., 2000; Paris et al., 2001) . So ASMase played an important role in the process of endothelial apoptosis after IR.
However, ASMase activation is a dose dependent process. Richard Kolesnick and colleagues found that tumor response to single time IR was regulated by endothelial cell apoptosis in MCA/129 fibrosarcoma bearing mice, and this regulation happened only when the IR dose was higher than 8-10 Gy (Garcia-Barros et al., 2003) . Nevertheless, they later found that the IR dose higher than 11-14 Gy could induce massive endothelial cells apoptosis in B16 melanoma bearing mice which significantly regulated the tumor response . While Saral Spiegel and colleagues found that a single IR of 8 Gy could activate ASMase and therefore regulate the radiosensitivity of prostate cancer cell lines in vitro (Nava et al., 2000) . In this study, we found that the ASMase activity was increased significantly after a single IR of 12 Gy which was accompanied with massive increased endothelial cell apoptosis and decreased MVD. However, these phenomena were not found in single IR of 9 Gy or lower dose group. So we think the single IR of dose higher than 9-11 Gy could activate ASMase activity and then regulate endothelial cell apoptosis in CT26 tumor bearing mice. Besides, the ASMase activation is a time dependent process. In many cases, the increase in ASMase activity is transient, peaking within a few minutes and declining within an hour (Zeidan et al., 2008; Zeidan and Hannun, 2010) . Many researchers found that diverse cells could activate ASMase and release ceramide within seconds to minutes after IR in vitro (Gulbins and Kolesnick, 2003; Rotolo et al., 2005; Truman et al., 2010) . However, Samet et al. (1999) detected the ASMase activity in crude extracts of HL-60 cells, they found that the activity of ASMase at 37°C was linear with time for at least 5 h and it increased with time for at least 22h. Another in vivo study measured the ASMase activity of parotid gland after a single IR of 25 Gy, they found that the ASMase activity in parotid glands increased rapidly from 4 to 24h after IR, and then declined gradually after 1 to 2 weeks (Xu et al., 2010) . Similar to this in vivo study, we found that the ASMase activities were still very high in 12, 15 and 18 Gy groups 8 hours after IR. The tumor cell apoptosis was slightly increased in IR groups than in control, however, no statistical significance was observed among these single IR groups.
According to the results of single IR study, we had chosen 6 Gy and 12 Gy for further multiple hypofractionated IR studies. For 6 Gy which is not high enough to trigger ASMase activation, after 2 or more times of IR, the ASMase activities were significantly increased accompanied with remarkable increased endothelial cell apoptosis and decreased MVD. While for 12 Gy, after 2 or more times of IR, the ASMase activities and endothelial cell apoptosis rates were maintained without remarkable increase; however, the MVD was significantly decreased. What's more, we found that the cancer cell apoptosis rates were significantly increased after multiple IR for both 6 Gy and 12 Gy. Past studies (Fuks and Kolesnick, 2005; Moeller et al., 2005) indicated that the endothelial cell damage induced by the low-dose (1.8-3 Gy) exposures of fractionated IR does not enhance tumor cell death effectively, as the death signaling pathway in endothelium is repressed by concomitant activation of tumor cell HIF-1. Reactive oxygen species generated by waves of hypoxia/reoxygenation occurring after each IR exposure lead to translation of HIF-1 mRNA transcripts stored in specialized cytosolic stress granules of hypoxic tumor cells. This adaptive response generates VEGF and other proangiogenic factors that attenuate IR induced apoptosis in endothelial cells. However, we found that 2 or more times of 6 or 12 Gy IR could effectively induce endothelial cell apoptosis and enhance tumor cell death. Nevertheless, it's maybe more difficult for lower dose to induce endothelial cell apoptosis, and this depends on different IR dosages, tumor types and so on.
The mechanism between hypofractionated IR with endothelial cell apoptosis and tumor cell death is still not for sure. One possible mechanism is that the endothelial cell apoptosis caused by hypofractionated IR lead to ischemia/hypoxia which then generate second damage to the tumor cells (Garcia-Barros et al., 2003) . However, one recent study (Lan et al., 2013) found that ablative hypofractionated IR not only decreased MVD and hypoxia, but also normalized the tumor vasculature and then increased the vascular perfusion and the number of pericyte-covered vessels. So the well oxygenated state of tumor cells may contribute to the enhanced tumor cell death. Nevertheless, the more detailed mechanism needs further studies.
In conclusion, the single IR with dose higher than 9-11 Gy could cause significant ASMase activation which was accompanied with remarkable increased endothelial cell apoptosis and decreased MVD in CT26 tumor bearing mice. Besides, 2 or more times of 6 or 12 Gy IR could also induce ASMase mediated endothelial cell apoptosis. ASMase mediated endothelial cell apoptosis may play an important role in the process of multiple hypofractionated IR for CT26 colorectal carcinoma. 
